[1] We present a new dynamic model that describes coupling between standing inertial or ion-acoustic-gyroradius-scale shear Alfvén waves, compressional modes, and auroral density disturbances. The model is applied to the excitation of field line resonances (FLRs) in dipolar and stretched geomagnetic fields in Earth's magnetosphere. Magnetosphereionosphere coupling is included by accounting for the closure of magnetospheric fieldaligned currents (FACs) through Pedersen currents in the ionosphere. A second new aspect is that the height-integrated Pedersen conductivity is treated as a dynamic parameter by electrodynamically coupling the two-dimensional finite element wave model ''Topo'' to the ionospheric ionization model ''Global Airglow Model (GLOW).'' We demonstrate that field line stretching brings the equatorial plasma b above unity, where the reduced MHD formulism for low-frequency plasma breaks down. As an application of our model, we study a specific FLR event observed on 31 January 1997, when the NASA FAST satellite was over the Canadian Auroral Network for the OPEN Program Unified Study (CANOPUS) Gillam station. Using geomagnetic fields computed from the T96 magnetic field model, we show that auroral electron precipitation produces strong Pedersen conductivity enhancements that control the final amplitude and width of the excited FLR, along with the amplitude of associated density fluctuations. The predictions of the model are generally consistent with observations of this event.
Introduction
[2] The auroral zone ionosphere is coupled to the outer magnetosphere through electrodynamic coupling with fieldaligned currents (FACs) and energetic particle precipitation. The characteristics of auroral arcs, such as their regular quiet motion, reflects an intrinsic feature of this magnetosphere-ionosphere (M-I) coupling system [Lysak, 1990] . In particular, the magnetospheric field-aligned currents (FACs) generated from the solar wind-magnetosphere interaction transport energy into the auroral ionosphere, where it is dissipated by Joule heating and energy lost owing to electron precipitation. These magnetospheric FACs are closed by magnetic field-crossing ionospheric currents and have been observed ranging from large-scale Birkeland currents of 500 km width to subkilometer scales [Lühr et al., 1994; Stasiewicz and Potemra, 1998 ].
[3] The auroral zone supports low-frequency (1 -4 mHz) standing shear Alfvén waves (SAWs), known as field line resonances (FLRs). FLRs can have overall latitudinal scale sizes up to tens of kilometers in the polar ionosphere [Samson et al., 1996] , which are comparable to the perpendicular scale of associated density cavities. They can produce field-aligned currents and parallel electric fields that accelerate electrons to form auroral arcs, i.e., FACs and certain other features of auroral arcs, such as electric fields and density cavities, can perhaps be attributed to shear Alfvén wave field line resonances [e.g., Rankin et al., 1999a; Stasiewicz et al., 2000; Lu et al., 2003b] . The dynamics of FLRs is controlled by density variations and dispersive processes [Lu et al., 2003a [Lu et al., , 2003b . The dispersion comes from electron inertia, electron thermal pressure, and finite ion gyro-radius [Hasegawa and Wakatani, 1983] . At high altitudes, the important dispersive effects are electron pressure and finite ion gyro-radius, while in the lower parts of auroral field lines, electron inertia dominates [Frycz et al., 1998 ]. The nonlinear ponderomotive force in the wave fields of FLRs also leads to density redistribution along magnetic field lines, resulting in localized density cavities which may trap the SAWs [Lu et al., 2003b] . In this situation, dispersive waves with perpendicular scales comparable to the electron inertial scale are expected to form.
[4] Magnetospheric FACs can be strongly affected by the conducting ionosphere, which serves as an inner boundary in M-I coupling models. Ionospheric ionization processes can change the conductivities, which in turn feedback on the magnetospheric FACs. Precipitating electrons from the magnetosphere provide a direct source of ionization in the ionosphere [Atkinson, 1970] . Heated electrons by Joule dissipation provide another possibility to produce additional ionizations for large amplitude current systems [Lu et al., 2005a [Lu et al., , 2005b . When the ionospheric conductivity is allowed to vary in a background driving electric field, a so-called feedback instability can be set up [Atkinson, 1970; Sato, 1978] . Lysak and Song [2002] recently calculated Pedersen conductivity modulations resulting from ionospheric over-reflection of Alfvén wave energy. Streltsov and Foster [2004] considered electrons precipitating through parallel currents, finding that the dependency of the Pedersen conductivity on the parallel current can lead to the ionospheric feedback instability within the Alfvénic resonator. The ionospheric feedback instability may play an important role in the formation of small-scale auroral arcs [e.g., Lysak, 1991; Pokhotelov et al., 2002a Pokhotelov et al., , 2002b Streltsov et al., 2005] .
[5] The conductivity of magnetospheric field lines supporting shear Alfvén waves is also important in the evolution of FLRs. Rankin et al. [1999b] studied a mechanism for forming parallel electric fields based on a nonlocal electron kinetic response to standing shear Alfvén waves (SAWs) on dipole magnetic fields. They showed that the frequencydependent conductivity of auroral field lines is strongly dependent on the distribution of trapped electrons, and becomes particularly small in density cavities, where large electric fields are generated. Tikhonchuk and Rankin [2002] extended this kinetic theory of SAWs to a nondipolar magnetic field. The nonlocal conductivity mechanism was subsequently extended to higher-frequency waves trapped in the ionospheric Alfvén resonator [Lysak and Song, 2003] . In another calculation, Wright and Hood [2003] show that two-fluid effects will result in the generation of parallel electric fields at an altitude of $1 R e above the ionosphere, energizing electrons to 1 keV for typical wave parameters.
[6] I-M coupling models, where the magnetosphere is treated as the outer boundary, so far have not accounted for the ionospheric feedback effect on SAWs and the magnetospheric dynamics when calculating the ionospheric response to magnetospherically induced precipitation and parallel currents. Using a simplified Alfvén wave model at the magnetospheric boundary, Lanchester et al. [2001] and Zhu et al. [2001] examined ohmic heating associated with a strong FAC. Noel et al. [2000] focus on the response of the ionosphere after the initial transition involving Alfvèn waves has come through. However, these models are not self-consistent. They use simplified and incomplete Alfvén wave models without inclusion of any feedback effects on the magnetospheric processes, and with emphasis on ionospheric physics only.
[7] Recently, ionospheric feedback effects on magnetospheric FLRs have been included in some FLR models. Prakash et al. [2003] used a FLR envelope model to investigate the interplay between ionospheric feedback, nonlinear, and dispersive effects in a curvilinear geomagnetic topology, finding that electrons with energies in the range of hundreds of eV can produce strong enhancements of FACs, and correspondingly strong density depletions at auroral altitudes. In their calculation, the modulation of the Pedersen conductivity by precipitating electrons is simply treated by an empirical formula, and the precipitation energy is an independent parameter. In addition, the electron temperature was simply treated as a measure of the average energy without considering the effects of field-aligned potential drops and the magnetic mirror force. In a dipolar geometry without the effects of dispersion, Lu et al. [2005a] self-consistently investigated the feedback on the linear FLR amplitude caused by heated electrons from Joule dissipation for large current system. These works demonstrated that proper treatment of wave and ionospheric conductivities is necessary to understand magnetosphereionosphere coupling involving shear Alfvén waves.
[8] This paper is an extension of Prakash et al. [2003] . Here we continue to investigate the feedback interaction between the ionospheric dynamics and the propagation of nonlinear FLRs, especially in the existence of full compressional modes and their coupling with FLRs, which may greatly complicate the structure and propagation. We significantly extend Prakash et al. [2003] from an envelop approximation to full MHD simulations with an improved ionospheric conductivity calculation in dipolar and stretched magnetic field lines. The improved ionospheric conductivity model considers the effects of field-aligned potential drops and the magnetic mirror force, and calculates the average energy and number flux of electron precipitation from FACs using the Knight relationship [Wiltberger et al., 2004] . Finally the model is used to simulate a real event that occurred on 31 January 1997 and model results are compared with observations.
Model of the Active Auroral Ionosphere
[9] FACs play an important role in magnetosphereionosphere coupling. In particular, magnetospheric fieldaligned currents are closed by field-crossing ionospheric currents. Here we shall neglect the ionospheric Hall current for simplicity, and write the current continuity equation as
where S p is the ionospheric height-integrated Pedersen conductivity; the subscripts ? and k denote vector components in the directions perpendicular or parallel to the magnetic field, respectively. The variation of ionospheric conductivities leads to a feedback effect on the magnetospheric FACs.
[10] Ionospheric conductivities are changed by ionospheric ionization processes with the most important source being solar photoionization and auroral electron precipitation. This is due to the fact that the Pedersen conductivity is proportional to the electron density. The electron production in the ionosphere is derived from photoionization and/or electron impact ionization and from chemistry, while electron losses are mainly due to ion-neutral reactions, electronion recombination, attachment and diffusion. The ionization in the E-layer is produced by electron precipitation and external sources such as solar radiation. The electron density continuity equation in the E-layer can be simplified as [Sato, 1978] 
where n e0 is the background electron density produced by solar illumination (in the absence of the field-aligned current); R % 3 Â 10 À7 cm 3 /s is the constant of recombination [Nygrén et al., 1992] , and g hot is the ionization rate due to auroral (hot) electron precipitation. In this paper we shall simulate FLRs in the nighttime; thus all ionizations are produced by auroral electron precipitation.
[11] To calculate the ionospheric E region ionization rate produced by particle precipitation, we first need to relate the FACs to the characteristic energy (or average energy) and energy flux of particle precipitation. Then, we can use these parameters as inputs to a thermosphere-ionosphere model to obtain the ionization rate. We note in passing that two studies of ionospheric feedback instability by Watanabe et al. [1993] and Pokhotelov et al. [2002b] used the theory of Fridman and Lemaire [1980] to estimate FACs by auroral electron precipitation, and an empirical formula to obtain the ionization rate from the field-aligned potential drop. Here, like Fedder et al. [1995] , Slinker et al. [1998 Slinker et al. [ , 1999 and Prakash et al. [2003] , we use the Knight relationship relating potential drops and particle precipitation to FACs, then use a physics based model to obtain the ionospheric conductivity [Wiltberger et al., 2004] . Prakash et al. [2003] used a data fitting model of Reiff [1984] to estimate the conductance, where the average energy is an independent parameter and the electron temperature was simply treated as a measure of the average energy without considering the effects of field-aligned potential drops and magnetic mirror. In this paper, we follow the procedure of Fedder et al. [1995] and Slinker et al. [1999] : the energy flux and average energy are estimated initially on the basis of the magnetospheric plasma at the boundary, then improved by including the effects of field-aligned potential drops and magnetic mirror physics.
[12] The precipitating electron energy flux is the product of average energy and the particle flux, which are obtained by two steps. The initial energy and particle flux estimates are found from [Fedder et al., 1995; Slinker et al., 1999] 0 ¼ aC
where C s and r are the sound speed and the plasma density in the magnetospheric boundary, respectively. Here a and b are constant parameters which map the magnetospheric plasma thermal flux and energy to the ionosphere, and also serve to scale the auroral conductances to reasonable values. They were originally set by comparing with auroral images from Viking [Fedder et al., 1995] .
[13] In the second step of the calculation, the energy gained from the field-aligned potential drop k is given by
where C is an adjustable scaling factor for the potential drop and includes an ''effective resistivity'' to FACs. Equations (5) is based on work of Chiu and Cornwall [1980] and Chiu et al. [1981] .
[14] Then, following Orens and Fedder [1978] , the particle flux Y and average energy can be obtained as
[15] Finally, the precipitating energy flux and average energy are input into an ionospheric ionization model, GLOW, to calculate the ionospheric ionization rate. GLOW uses MSIS-90 [Hedin, 1991] to specify the neutral atmosphere density profile, and use IRI-90 [Bilitza, 1990] to specify the initial electron profile and calculate ionization and excitation rates, energetic electron production and transport, excited species densities, and airglow emission rates for the terrestrial thermosphere [Solomon et al., 1988; Solomon and Abreu, 1989] . In our calculation, the neutral atmosphere model is updated from MSIS-90 to NRLMSIS-00 [Picone et al., 2002] . We noticed that precipitation-induced changes in the ionospheric ionization have also been comprehensively investigated in a statistical/empirical way [e.g., Lyons, 1980; Spiro et al., 1982; Reiff, 1984; Robinson et al., 1987] . Compared with these empirical models, GLOW is a physics based model that is able to describe the dynamical response of the ionosphere to changes in particle precipitation that are related to both spatial and temporal variations of field-aligned currents and magnetospheric conditions. The GLOW model thus allows us to simulate global (latitude and longitude as inputs) and temporal (universal time as input) changes, i.e., has the advantage that is can be used to look at seasonal variations and day/night differences.
[16] It should be mentioned that our simulations in this paper are performed for nighttime. Thus the ionization rates and electron densities are produced solely by particle precipitation. In addition, we compare the ionospheric conductance calculated here and the ones from the empirical models of Robinson et al. [1987] and Reiff [1984] .
MHD Model of the Magnetosphere
[17] The nonlinear interaction of shear Alfvén FLRs and compressional modes in the warm inhomogeneous magnetospheric plasma is governed by the MHD equations 
Note that the above equations are not linearized MHD equations. The full wave nonlinearities, including its coupling with compressional modes, are accounted for. This is especially important when the plasma sheet is hot and the magnetic field is weak, as in the nighttime magnetosphere. Also, the perpendicular component of the displacement current is included in equation (9). The inclusion of this term becomes important in regions where the Alfvén velocity approaches the light speed. According to a recent study [Song and Lysak, 2001 ], the displacement current can be potentially essential to the evolution of parallel electric fields and the establishment of FAC in certain situations. In the generalized Ohm's law, we neglect the ion inertia since it is important only when the frequency approaches the ion gyrofrequency, i.e., for frequencies much higher than are considered in this paper [Servidio et al., 2007] .
Numerical Results
[18] Electron precipitation is associated with field-aligned static or quasistatic potential drops, therefore related to the total parallel current. In the context of waves, the FAC and its characteristic width is associated with the perpendicular scale of standing shear Alfvén waves formed in the magnetosphere. A self-consistent study therefore requires solving both the set of equations for the magnetospheric resonant SAWs and the equations given above for auroral electron precipitations. Here we combine the GLOW model for auroral electron precipitation with the FLR numerical model described by Lu et al. [2003b] , which describes the excitation of parallel currents and electric fields in the wave fields of FLRs. By way of illustration, we drive a magnetic perturbation at the equator, with a frequency matching the Alfvén wave eigenfrequency on a specific magnetic field line where the resonance is finally formed. The height of the ionosphere is assumed to be 20 km, and the ionospheric boundary is placed at an altitude of 120 km. The finite element model Topo [Marchand and Simard, 1997] is used to solve the 2D MHD equations (9)-(13) for magnetospheric FLRs [Lu et al., 2003b] and 1D equations (1) and (2) for ionospheric electrons. The model for FLRs takes into account the full compressional modes and the variation of temperature and density along and across the magnetic field lines, together with wave dispersive effects which becomes important when the perpendicular scale of FLRs approaches the electron inertial scale at the ionosphere. We first consider the case of dipolar magnetic field lines along the dipolar shell L = 8. Then, we perform similar calculations in a strongly stretched topology that provides a field-line eigenfrequency in the frequency range of many observed night-side FLRs.
FLRs in a Dipolar Geometry
[19] Following Lu et al. [2003b] , we consider a twospecies plasma with a constant density of hydrogen, n H = 1 cm
À3
, and an oxygen component with a density n O = 3.0 Â 10 4 cm À3 at the ionospheric ends which decreases exponentially with altitude over a scale length h O = 600 km: n 0 (s) = n H + n O exp[À(s max À jsj)/h O ], where s is the coordinate along the magnetic field line, with s = 0 at the equator. Unperturbed quantities are identified with the subscript Figure 1 . Comparison of the wave fields between perfect conductivity (dash-dotted line), a fixed conductivity S P = 1 S (dashed line), and the interactive auroral electron precipitation model with S P0 = 1 S as initial condition (solid line) at t = 12 periods; b y , j k , and E ? at the ionosphere are shown, and l corresponds to the distance in Earth radius across field lines at the ionospheric boundary.
zero. Along a given magnetic field line, the initial background electron and ion temperatures are chosen to satisfy the equilibrium condition of constant pressure from B 0 Á r(n 0 T e0,i0 ) = 0, using initial temperatures T e0 eq = 400 eV for electrons and T i0 eq = 800 eV for ions at the equator. For the driven L shell, the initial ionospheric Pedersen conductance is 1 S and the SAW period is approximately 115 s, corresponding to the frequency of 8.6 mHz.
[20] Figure 1 shows the wave azimuthal magnetic field perturbation (b y ), parallel current ( j k ), and perpendicular electric field (E ? ) at the ionosphere. The results correspond to S P = 1 (dash-dotted line), fixed conductivity S P = 1.0 S (dashed line), and time-dependent conductivity (solid line) due to auroral electron precipitation calculated using the Fedder et al. [1995] procedure and ionospheric ionization rates from GLOW (starting from an initial conductivity S P0 = 1.0 S). For the perfect conductivity case, the magnetic perturbation and parallel current are both very large by t = 12 SAW periods, whereas the perpendicular electric field is close to zero. Fixed finite ionospheric conductivity reduces the level of the wave magnetic field and currents: perturbed magnetic field b y at the ionosphere decreases from 230 nT to 40 nT; field aligned current j k drops from 17 to 0.5 mA/m 2 . Correspondingly, finite conductivity leads to an increase in E ? from zero to 37 mV/m.
[21] When auroral electron precipitation is included, the Pedersen conductivity increases, and the ionospheric electric field and SAW dissipation are reduced in comparison to the case with fixed conductivity. In Figure 1 , the amplitude of the azimuthal magnetic field is enhanced from 40 nT in the fixed (S P = 1 S) conductivity case, to 70 nT in the precipitation case. The field-aligned current increases from 0.5 to 3 mA/m 2 , while the perpendicular electric field is reduced from 37 mV/m to 19 mV/m. In the case of electron precipitation, the resonance structure is narrower, consistent with the result from an envelopment model by Prakash et al. [2003] . Note that the maximum Pedersen conductivity increases by about a factor of three (S P = 3 S) in saturating at around 12 periods.
[22] It has been shown that the nonlinearity from SAW ponderomotive forces can steepen the local Alfvén speed gradient and then significantly affect the dynamic evolution Figure 2 . Comparison of the maximum density cavity distribution across the field lines between perfect conductivity (dash-dotted line), a fixed conductivity S P = 1 S (dashed line), and the interactive auroral electron precipitation model with S P0 = 1 S as initial condition (solid line) at t = 12 periods; l corresponds to the distance in Earth radius across field lines at an altitude of 3.5 R e . Figure 3 . FLR perturbed magnetic field at t = 12 periods for the case with the interactive auroral electron precipitation model corresponding to initial temperatures of (1) T e0 eq = 200 eV and T i0 eq = 400 eV (solid line); and (2) T e0 eq = 400 eV and T i0 eq = 800 eV (dashed line) at the equator.
of a FLR [Lu et al., 2003a] . The ponderomotive force pushes plasma from high latitudes to the equatorial magnetosphere, generating the ionospheric (equatorial) cavities (bumps) [Lu et al., 2003b] . Figure 2 shows the maximum density cavity due to the plasma redistribution along the field line. This maximum cavity occurs at an altitude of 3.5 R e , well within the observed range 2-4.6 R e [Persoon et al., 1988] . The density cavity is significantly enhanced from 5% to 10% compared with the case without precipitation. The enhancement of the nonlinear effects can produce highly structured FLRs that are localized in latitude [Lu et al., 2003b] .
[23] Our numerical results indicate that the precipitationinduced variation of S P has significant dependence on the average energy and number flux of precipitating electrons. Figure 3 shows comparison of the time dependence of the Figure 5 . FLR perturbed relative density at t = 12 periods for the interactive auroral electron precipitation model corresponding to initial temperatures T e0 eq = 400 eV and T i0 eq = 800 eV at the equator. . FLR perturbed magnetic field and field-aligned current at t = 12 periods for a fixed conductivity S P = 1 S (dashed line) and the interactive auroral electron precipitation model with an initial conductivity S P0 = 1 and initial temperatures of T e0 eq = 400 eV and T i0 eq = 800 eV (solid line) at the equator. maximum amplitude of the perturbed magnetic field at the ionosphere at t = 12 periods for lower plasma temperatures (T e0 eq = 200 eV, T i0 eq = 400 eV) and higher plasma temperatures (T e0 eq = 400 eV, T i0 ( eq = 800 eV) at the equator, respectively. The average energy of precipitating electrons and FACs increase with the magnetospheric plasma temperatures.
[24] It should be mentioned, if compared with the result from Prakash et al. [2003] , the simulation presented here exhibits a qualitatively smaller feedback effects. This is mainly caused by the precipitation models used. For a typical FAC of 1 mA/m 2 and initial plasma temperatures T e0 eq = 400 eV and T i0 eq = 800 eV at equator, which corresponds to an average energy of 3 keV, Reiff model [Reiff, 1984 ] Prakash et al. [2003 used gives a much larger maximum conductivity (6.2 mho) than that from GLOW (roughly 3.2 mho) and Robinson et al. [1987] (roughly 3.3 mho). Figure 6 . Saturated FLR azimuthal magnetic field, field-aligned current, and perpendicular electric field at altitude of 3000 km obtained using the interactive auroral electron precipitation model for the case of the 31 January 1997 observation. The initial Pedersen conductivity is 2.5 S.
FLRs in Stretched Magnetic Field Lines
[25] Field line stretching can bring FLR eigenfrequencies into the range of many nightside observations. In order to illustrate the effect of nonlinear and dispersive effects in the dynamic evolution of FLRs in a stretched magnetic field topology, we consider a typical stretched case with the same background conditions as in the dipolar case discussed above. We assume that the magnetosphere is axially symmetric, and that magnetic field lines in the meridional z, x plane are approximated by the T96 model [Tsyganenko, 1996] for a solar wind pressure of 1.0 nPa, with Dst = À20 nT, B y = 0, and B z = À1 nT. Correspondingly, the intercept of the dipolar shell L = 6.5 is stretched to 11 R e at the equator. The density profile is the same as that in dipolar case and the initial temperature conditions satisfy the equilibrium condition along the field lines, i.e., B 0 Á r(n 0 T e0,i0 ) = 0. The calculated FLR eigenmode frequency for this stretched L shell is 3 mHz, which is inside the observed range (1.3 -4 mHz). This set of parameters provides an illustrative example of the types of geometry that can be simulated with our code, and as an example of the effect of stretching on FLRs.
[26] Figure 4 shows the wave azimuthal magnetic field perturbation (b y ) and parallel current (j k ) at the ionosphere for initial temperatures of T e0 eq = 400 eV and T i0 eq = 800 eV at the equator at t = 12 periods. The ionospheric feedback due to the auroral electron precipitation already brings the amplitude of the azimuthal magnetic field to 100 nT from 70 nT in the fixed (S P = 1 S) conductivity case, and the field-aligned currents increases from 2 to 7 mA/m 2 . It can be deduced that the precipitation energies required to initiate the feedback effect in stretched case are lower than in the case of a dipolar field. This conclusion is different from that of Prakash et al. [2003] , where the precipitation energies to initiate the feedback effect in a dipolar field is lower. The ionospheric feedback depends on the competition between precipitation energy and wave damping. Although the higher wave damping can reduce the field-aligned current, the stretching of magnetic field can bring about a larger parallel current and magnetic perturbation [Lu et al., 2003b] .
[27] Figure 5 shows the relative density perturbation at t = 12 SAW periods. Along the resonant field line, the plasma moves from high latitudes to the equator, resulting in density cavity in high latitudes and density bump at the equator. However, the density perturbation near the equator experiences significant movement across the field lines, whereas in the results from reduced sets of MHD equations for low-frequency plasma the density perturbation is mainly along the field lines [Lu et al., 2003b] . This may be the result of field line stretching that brings the equatorial plasma b close to unity (from 0.5 to 5.0 for the parameters in this calculation). It has been demonstrated that interchange or ballooning modes can arise when the plasma thermal pressure becomes important in the magnetotail [Liu, 1997] . This possibility will be investigated in a future publication.
Applications Against 1997 Event
[28] In this section, we apply our theoretical model to a FLR observation in the nightside magnetosphere at 0426 UT of 31 January 1997, one of the three events discussed by Lotko et al. [1998] , Samson et al. [2003] , and Rankin et al. [2005] . This observation was made using magnetometer and meridian scanning photometer (MSP) data from groundbased instruments of the CANOPUS array [Rostoker et al., 1995] , and the All-Sky Imager (ASI) from the NORSTAR Figure 7 . FLR perturbed magnetic field, perpendicular electric field, field-aligned current, and relative density perturbation as a function of distance along the field line from one ionosphere to the other. The calculation is for the case of the 31 January 1997 observation. optical imaging array operated by the University of Calgary. It was associated with substantial wave power at a frequency around 1.3 -1.4 mHz, and the corresponding solar wind conditions are By = 3 nT, Bz = 1 nT, n = 3.5 cm 3 , and solar wind dynamic pressure P = 2.0 nPa, and Dst = 15. The length of the field line projected above the observation point is 24.6 RE. The maximum radial extension of the field line is 10.97 RE, and the minimum geomagnetic field strength along the field line is 18.98 nT [Rankin et al., 2005] . Here we use T96 model and above parameters to approximate the geomagnetic field for this event. The length of the field line is 22 R e , while the equatorial density is chosen so as to give a frequency of 1.3 mHz that matches the observation seen from the ground. Along a given magnetic field line, the initial background electron and ion temperatures are chosen to satisfy the equilibrium condition of constant pressure from B 0 Á r(n 0 T e0,i0 ) = 0 with initial temperatures T e0 eq = 400 eV for electrons and T i0 eq = 1 keV for ions at the equator. The initial ambient Pedersen conductance at conjugate ionosphere is 2.5 S.
[29] Figure 6 shows the azimuthal magnetic field, fieldaligned current, and perpendicular electric field as a function of the coordinate perpendicular to the field line at altitude of 3000 km. The maximum wave magnetic field is about 65 nT, and maximum parallel current and perpendicular electric field saturate at roughly 2 mA/m 2 and 19 mV, respectively. The half-width of the arc (envelope) is roughly 35 km, which is quite comparable to the scale for this observation. Figure 7 shows the azimuthal magnetic field of the SAW, together with the associated parallel current density, perpendicular electric field, and along the field line at the resonance location. The maximum wave magnetic field along the field line is 85 nT with amplitudes of 10 to 25 nT at most of the locations, while the maximum electric field 33 mV and maximum parallel current 3 mA/m 2 . These amplitude scales are comparable to the observed values for this observation. Note that the wave dispersion and nonlinear effects due to the steepening by ponderomotive force play important role in forming the spatial scale and wave amplitude. Along the field line, the maximum density relative density perturbation is 20%, while the maximum density accumulation (which occurs at the equatorial plane) is 11% compared with the background.
Summary and Conclusions
[30] We have developed a nonlinear MHD model of SAWs with electron inertial dispersion, with coupling to compressional modes, to study the effects of auroral electron precipitations on magnetospheric FLRs in dipolar and stretched magnetic fields. The physics based ionospheric ionization model GLOW is incorporated into our 2D finite element code Topo, making it possible to investigate magnetosphere-ionosphere coupling (through field aligned currents closing by ionospheric cross-field currents) with feedback effects due to auroral electron precipitations. This is a significant extension of Prakash et al. [2003] , mainly in that (1) rather than using an envelop approximation, we treat the full nonlinear MHD equations, i.e., include the full compressional modes and their coupling with FLRs, and (2) We use a more self-consistent, interactive ionospheric conductivity model considering the effects of fieldaligned potential drops and the magnetic mirror force on electron precipitation. This new M-I coupling model (coupled TopoMHD code and GLOW model) makes it possible to investigate the effect of ionospheric conductivity on the physics of M-I coupling and diurnal, seasonal and solar cycle variations due to the feedback.
[31] It is shown that the auroral electron precipitationinduced Pedersen conductivity enhancement can lead to strong feedback effects on magnetospheric FLR wave amplitudes and density perturbation. We find the following.
[32] 1. Precipitation energies required to initiate the feedback effects using GLOW or Robinson et al. [1987] models are higher than the envelop calculation using Reiff formula [1984] .
[33] 2. The ionospheric feedback depends on the competition between precipitation energy and wave damping. Although the higher wave damping may reduce the fieldaligned current, the stretching of magnetic field can bring about a larger parallel current and magnetic perturbation. It is shown that the precipitation energies required to initiate the feedback effect in a stretched case are lower than in the case of a dipolar field. This conclusion is different from that of Prakash et al. [2003] , where the precipitation energies to initiate the feedback effect in a dipolar field is lower.
[34] 3. Nonlinear effects can produce strongly localized FLRs and density perturbation is strongly enhanced when auroral electron precipitation is included. The distribution of the density perturbation in full MHD calculations is different from the case with a reduced MHD calculation, mainly in that there exist significant movements of plasma across stretched field lines in full MHD while the density perturbation is mainly along the field lines in reduced MHD computation. This implies that in high-b situations, where reduced MHD breaks down, new behavior can occur owing to high plasma pressure effects.
[35] Finally, we apply the new interactive M-I model to a specific case for 31 January 1997 FLR event, using the magnetic fields from T96 and parameters approximating this event. We find that the modeled spatial scale of FLR arcs is around 35 km, quite comparable to the observed width in optical data for this event, and the amplitudes of wave fields (E ? $ 20 mV/m, j k $ 2 mA/m 2 , b y $ 50 nT) are all reasonable in agreement with observations.
[36] It should be mentioned that this work is limited to small current amplitude systems. For large currents (>10 mA/m 2 ), ionospheric electrons can be heated by resonant standing shear Alfvén waves through Joule dissipation, which may produce significant ionization and feedback on the FLR amplitude and structure [Lu et al., 2005a [Lu et al., , 2005b . In future work, we plan to incorporate this effect into the interactive M-I coupling model to investigate the feedback of ionospheric conductivity on the physics of M-I coupling and diurnal, seasonal and solar cycle variations due to this feedback.
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